A lumped-parameter numerical model was constructed based on the conservation laws of mass and energy and the point neutron kinetics with 6 groups of delayed neutron to represent the dynamics of primary loop of a pressurized water reactor (PWR) core. On the viewpoint of control theory, the coupled phenomenon of neutron kinetics and thermohydraulics can be recognized as a dynamic system with feedback loops which is caused by the Doppler effect and the coolant temperature difference. Scilab was implemented to representing the equivalent transfer functions and associated feedback loops of a PWR core. The dynamic responses were performed by the perturbations of coolant inlet flow, coolant inlet temperature, and reactivity insertion.
Introduction
Typically, the system dynamics of a reactor is simulated by the complex codes consisting of the one-dimensional or three-dimensional neutronics, the correlations of two-phase follow, critical flow and thermal properties, and the built in control system blocks. Those codes such as RELAP, RETRAN, and TRACE, are applied for safety analyses, plant design, and predictions of postulated tests [1, 2, 3] . Although those advanced codes are programmed to calculate the systematic parameters during significant transients, the computing time is proportional to the nodolization of reactor models and specific transients. Instead, for those simulations associated with reactor control during normal operation, simplified models are adopted for the investigation of dynamic responses and control system design to reduce the computing cost. One of the approaches derives the equivalent transfer functions of a reactor system, investigating the reactor kinetics and associated control systems. This approach has been implemented since 1950. A brief review of the history of transfer function on nuclear engineering is referred to the textbook by Marrer [4] . So far, this approach is widely utilized on nuclear applications such as the determination of neutron generation time [5] and boiling water reactor (BWR) stability analysis [6] .
This study applied the above transfer function approach and Scilab to construct an elementary pressurized water reactor (PWR) core model which simulates the dynamic responses induced by the perturbations of reactivity insertion, coolant flow rate, and coolant inlet temperature. Scilab is Matlab-like free open-source software, developed by the French national institute for the research in computer science and control (INRIA) in 2003. Scilab provides a platform with numerous embedded tool boxes for scientific computations [7] to represent transfer functions and simulate frequency-domain and time-domain analyses.
Assumptions and modeling
An elementary block diagram of a PWR is shown in Fig. 1 . The present model only simulates the reactor core, and the thermal-hydraulic conditions of inlet and outlet are taken as boundary conditions. This simplified mathematical model lumps the reactor as a single point, and incorporates point kinetics and energy conservation equations to represent the neutron dynamics, energy transfer between fuel and coolant, and reactivity feedback loop. The method to derive the reactor transfer functions from time derivatives is based on the small perturbation theorem and Laplace transform, obtaining a linear approximation for these departures form a steady operation state. 
where n is the neutron flux, C i is the delayed neutron precursor of group i, Λ is the neutron regeneration time, β i is the delayed neutron yield fraction of group i, β is the total delayed neutron yield fraction, and λ i is the decay constant of group i. Taking Laplace transform of Eq. 1 and Eq. 2, and further substitution yields the transfer function,
Reactor core. It is supposed that the fuel coolant temperatures in core are represented by average temperatures, and the thermal-dynamic properties such as specific heat capacity and density are constant. The heat transfer between fuel and coolant and the energy balance of coolant inventory are represented by Eq. 4 and Eq. 5, respectively. The coolant temperature in core is assumed to be the average value of inlet temperature and outlet temperature, as in Eq. 6. where m f and m c are the total fuel mass and total coolant mass, respectively, C f and C cav are the specific heat capacities of fuel and coolant, respectively, T f and T cav are the average temperatures of fuel and coolant, respectively, P th is the average fission power, h is the convection heat transfer coefficient, A is the total heat transfer area, T c,in and T c,out are the inlet and outlet temperatures, respectively. The transfer functions of fuel and coolant Eq. 7 and Eq. 8 are generated by Laplace transform of Eq. 4 and Eq. 5, 
The fission power, P th , is assumed to be proportional to neutron flux, n, as in Eq. 9, 
where k is a proportional constant. The value of k is calculated by fission power and neutron flux in steady state, P th,0 and n 0 . Therefore, the perturbation term of fission power is represented by Eq. 10, Equivalent control blocks. Combining Eq. 3, Eq. 7, Eq. 8, and Eq. 10, the closed loop transfer function with three external perturbation sources representing the coupling of neutronics and thermalhydraulics of reactivity feedback is shown in Fig. 2 . Those transfer functions were programmed by Scilab for perturbation analyses.
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Perturbation analyses
The technical parameters of a reference PWR are listed in Table 1 . The delayed neutron data for thermal fission in U-235 are referred to the reference [8] . The dynamic responses are performed by the perturbation sources including reactivity, coolant inlet flow, and coolant inlet temperature. Step increase of reactivity. This transient is initiated by a step increase of reactivity of 0.001 which causes the rapid power increase (Fig. 3(a) ). The fuel and coolant temperatures are increased with a time delay due to thermal inertia (Fig. 3(b) ). Consequently, as shown in Fig. 3(b) , the negative reactivity feedback by Doppler effect (fuel temperature) and coolant temperature mitigate the total reactivity as well as fission power.
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Step Decrease of Inlet Flow Rate. The step decrease of inlet flow rate of 10% leads to the negative reactivity feedback as a result of the increase of coolant temperature. Therefore, the neutron flux is decreased due to the negative reactivity feedback (Fig. 4(a) ). Fig. 4(a) also represents the decrease of fuel temperature because of the reduction of neutron flux (fission power). Consequently, the decrease of fuel temperature causes a positive reactivity feedback, as shown in Fig. 4(b) . Thus, the negative reactivity caused by the perturbation of inlet flow rate is compensated by the Doppler effect.
Step decrease of Coolant Inlet Temperature. Compared with the results by the step decrease of inlet flow rate, those by the step decrease of inlet coolant temperature lead to the increase of neutron flux ( Fig. 5(a) ) as a result of positive reactivity caused by the reduction of coolant temperature (Fig.  5(a) ). However, the increase of fuel temperature caused by fission power leads to the negative reactivity by Doppler effect (Fig. 5(b) ). Therefore, as shown in Fig. 5(b) , the total reactivity is the competition of positivity reactivity by coolant temperature and negative reactivity by Doppler effect. 
Summary
This model represents the equivalent transfer function of a PWR core. The dynamic responses are performed by the perturbation sources including reactivity, coolant inlet flow, and coolant inlet temperature. The numerical results show that the dynamics of primary loop may be approximated by a lag system due to the thermal inertia of fuel and coolant, and consistent with physical sense.
